Khon Kaen [1] . Historical hotspots of opisthorchiasis and CCA were in the villages 73 around Lawa Lake. While much research has been conducted on the pathology of 74 opisthorchiasis and CCA, there is limited literature addressing the ecological and 75 hydrological aspects of parasite transmission in the environment [2, 3] . 76
77
Lawa Lake is an approximately 4000-acre body of water that is highly vegetated 78 and subject to significant hydrologic changes caused by seasonal variation in northeast 79
Thailand. A peak in liver fluke infections is seen with lag following the rainy season in 80
Thailand, as flooding facilitates the spread of fecal contamination and coincides with 81 the rapid increase in snail populations [1] . Since several weeks are required for the 82 parasite to mature through its life stages, high infection rates in fish are seen in the late 83 rainy season and summer (July-January). Low infection risks occur in the dry season 84 and summer (March-June). A primary industry on the lake is fishing, which contributes 85 to the environment mediating ongoing liver fluke transmission in the local area [4] . The 86 hydrology of the Lawa Lake region is exceedingly complex and disturbed, as significant 87 changes have occurred in recent years due to construction of new irrigation canals and 88 ditches, new culverts and spillways that are opened and closed in the flooding season, 89 and fish ponds that have become increasingly popular as a source of food and revenue. 90 vector growth and reproduction [10, 11] . 117
118
In this work, a metapopulation disease transmission model is developed and 119 parameterized to assess hydrologic connectivity and O. viverrini parasite movement 120 between six village clusters around Lawa Lake in Khon Kaen Province, Thailand, and 121 how that is reflected by opisthorchiasis prevalence in hosts. Understanding liver fluke 122 transmission in this seasonal, hydrologically connected environment with modeling can 123 help define the scale of transmission processes and thereby optimize environmental 124 control and treatment to have maximum impact on reducing disease transmission in 125 this setting and others. 126
127

Methods 128
The model structure is an extension of the modeling framework presented in 129
[12]. The six village clusters studied are now connected in a metapopulation framework 130 to account for exchange of parasites and hosts between village clusters and their 131 associated environments. This enables the model to include the influence of population-132 level factors, spatial heterogeneity, and degrees of connectedness between patches. This 133 metapopulation model leverages information about hydrologic connectivity between 134 village and host clusters to understand the movement of the liver fluke parasite's 135 various forms in the environment as mediated by water. To consider local hydrologic 136 impacts on the liver fluke transmission cycle, five main factors are included: 1) egg 137 inputs into the system from upstream watersheds; 2) egg inputs into the system from 138 overland flooding; 3) snail and fish mobility due to hydrologic connectivity; 4) snail and 139 fish available habitat; and 5) hotspots where infectious snails come into contact with 140 changing patterns throughout the year. water that predicted higher snail abundance [13] . NNK, the southernmost village 162 cluster, had the highest infection prevalence at the time points when it was studied 163 ( The values are transmission parameters and are village cluster-specific (Table S2 ). The 273 connectivity parameters are specific to each patch-to-patch relationship (Fig 1) , is the 274 fish catch rate describing the fraction of the total fish population caught at each time 275 step, ( ) is a gating function to control fish birth, death, and aging processes, are 276 mortality rates, and DEF are PZQ treatment events. 277
278
While a daily time scale could be preferable for assessing hydrologic impact, 279 historical data only captured month-to-month variability. Because human infection 280 survey data only measures prevalence and not incidence, this time scale is reasonable 281 for this study. From the hydrology model, the extent of water surface area at a suitable 282 depth (under 0.3m) for the contact events between juvenile cyprinid fish and the aquatic 283 snail intermediate hosts ("hotspots" for infection transfer) were used and to estimate NS 284 and NF. The transport time for a parcel of water between each village cluster was 285 employed to estimate the time scale of movement between the locations, but these 286 interactions happened on the order of days and not months and therefore the model's 287 The metapopulation model is more believable than the single-village model in part 357 because of its inclusion of external hydrologic influences and connecitivity and in part 358 because the modeled behavior is more nuanced in the clustered patterns of village 359 prevalence change it exhibits. The lack of parameters fitted to this model structure and 360 underlying mechanics of the metapopulation model that improves upon the relatively 362 straightforward transmission framework of the single-village model. The 363 metapopulation model is meant to capture patterns of transmission rather than exact 364 fits to the data. Nonetheless, the lack of information about differences in snail infection 365 and raw fish eating patterns between villages remains a weakness, as they could not be 366 incorporated into the model. Better data on these aspects of the transmission cycle 367 would further strengthen the modeling framework and bring it into greater alignment 368 with reality. 369
370
The patterns observed in these results support the sorting of the six village 371 clusters into three geographical clusters that exhibit different patterns and trends based 372 on human prevalence values. The first cluster, consisting of CCK and Lawa, is in close 373 proximity to the Chi River and is most susceptible to overland flooding experienced 374 during the rainy season. Its villages had high human prevalence values at the start of 375 the control program, which decreased sharply during the period of treatment and 376 control activity. These villages were the headquarters and major focal area of Lawa 377
Project activities, suggesting that they benefited the most from health education and 378 health volunteer engagement. The model is able to accurately account for the decrease 379 in prevalence without making any assumptions about reinfection. Additionally, these 380 villages are in close proximity to heavily fished waters in the lake, as supported by GPS 381 evidence and interviews described in [19] . 382
383
The second cluster consists of BT and NNK, the villages to the south and 384 southeast of the lake. These village also had high prevalence values at the start of the 385 comparing data from later infection surveys. These villages are most impacted by 387 upstream watersheds draining into Lawa Lake (Fig 2.2) open defecation or unsafe disposal of human or reservoir waste is occurring in these 390 watersheds, the runoff will disperse parasite eggs into the canals, ponds, and sections of 391 the lake in close proximity to the second cluster's villages. These villages are also 392 adjacent to the highest concentration of fish ponds in the system and were not a focus of 393 major emphasis for Lawa Project activities. 394
395
The third cluster is KSR and DPD, which are located to the northeast of Lawa 396 Lake. At the start of the control program, these villages had significantly lower 397 prevalence values, which may be attributable to a lower degree of baseline 398 environmental contamination. These villages were significantly affected by neither the 399
Chi River nor the upstream watersheds, so they experienced fewer external inputs of 400 infectious individuals or waterborne forms of the parasite into their local systems. 401 
